M ajor threats to human health from E. coli infection have led to urgent demands to develop highly efficient strategies for isolating and detecting this microorganism in connection to food safety, medical diagnostics, water quality, and counter terrorism.
1−3 E. coli and other pathogenic bacteria are commonly detected using traditional culture techniques, microscopy, luminescence, enzyme-linked immunosorbent assay (ELISA), biochemical tests and/or the polymerase chain reaction (PCR). These techniques, however, are timeconsuming, labor-intensive, and inadequate as they lack the ability to detect bacteria in real time. 4, 5 Thus, there is an urgent need for alternative platforms for the rapid, sensitive, reliable, and simple isolation and detection of E. coli.
Here we present a new nanomotor strategy for isolating pathogenic bacteria from peroxide-fuel containing clinical, environmental, and food samples, involving the movement of lectin-functionalized microengines. The motion and power of self-propelled synthetic and natural nano/microscale motors have been exploited recently as an attractive route for transporting target biomaterials. 6−9 The limitations of biological motors for engineered microchip environments 6, 10 have motivated the use of synthetic nanomotors for diverse biomedical and bioanalytical applications. 7, 11, 12 Particularly attractive for such applications are bubble-propelled microtube engines owing to their efficient movement in fuel-enhanced biological fluids and their large towing forces. 13−16 Functionalizing photolitographically prepared rolled-up microtube engines with oligonucleotide or antibody receptors has recently been shown to be extremely effective for capturing and isolating target biomolecules and cells from biological samples. 15,17−19 Yet, the preparation of these rolled-up microengines is complex and costly, requiring the use of clean-room facilities. Recently, Gao et al. 20 have developed smaller (8 μm) and highly efficient microtube engines, which can be mass-produced through a lowcost membrane template electrodeposition technique and offer ultrafast speeds (>300 body lengths/s) along with low fuel requirements (down to 0.2%) in optimal conditions. 20 The efficient bacterial isolation platform, described in this paper, relies on the attractive behavior of these easily prepared microengines along with their functionalization with lectin receptors. Lectins are readily available glycoproteins that offer an attractive route for recognizing carbohydrate constituents of bacterial surface, via selective binding to cell-wall mono-and oligosaccharide components. 21 For example, ConA, the lectin extracted from Canavalia ensiformis and used in the present work, is a mannose-and glucose-binding protein that is capable of recognizing specific terminal carbohydrates of Gram-negative bacteria such as the E. coli surface polysaccharides. 22, 23 Furthermore, lectins have been recently used as the biosensor recognition elements for bacterial detection 24−30 but not in connection to nanomachines or nanoscale motion-based isolation.
As illustrated in Figure 1A (left), the presented nanoscale bacteria isolation strategy utilizes the movement of ConAfunctionalized microengines to scour, interact, and isolate pathogenic bacteria from distinct complex samples. A second goal of the present work is to demonstrate a bacterial target unloading scheme through the controlled release of the captured bacteria from a moving synthetic microengine. Such triggered release has been accomplished by using a low-pH glycine solution that is able to dissociate the lectin-bacteria complex ( Figure 1A, right) . Finally, we present the ability of the microengines to simultaneously capture and transport both the target bacteria as well as polymeric drug-carrier spheres (using the lectin and magnetic interactions, respectively). Such dual action, coupling the E. coli isolation with "on-the-spot" therapeutic action, adds a completely new and unique theranostics ("identify and eradicate") capability to nanomachine platforms. Overall, the template-prepared lectinmodified microengines hold considerable promise for diverse biomedical, food safety, and biodefense applications.
The fabrication of the microengines involves a templatebased electrodeposition of a polyaniline (PANI)/Pt bilayer microtube and e-beam vapor deposition of outer Ni/Au layers that are essential for magnetic navigation and surface functionalization. As illustrated in Figure 1B , such functionalization involves the self-assembly of alkanethiols and subsequent conjugation of the lectin receptor. The template fabrication process results in 8 μm long microtube engines that are substantially smaller than the common rolled-up tubular microengines. The relative similar dimensions of the microengine and the target bacteria (∼2 μm long × 0.5 μm in diameter) permit convenient real-time optical visualization of the isolation process without the need for additional labeling. By varying the membrane pore size and deposition time, the microengine's aspect ratio can be tailored for meeting the needs of specific target bacteria detection paradigms. Similar to rolledup microengines, 15, 18 ,31−33 the template-prepared microengines are propelled efficiently in different media via the expulsion of oxygen bubbles generated from the catalytic oxidation of hydrogen peroxide fuel at the inner Pt layer. 20 The high speed of the template-prepared PANI/Pt bilayer microtube engines in the present working medium (300 μm/s) is reduced by ca. 50% after the vapor deposition of the outer Ni/Au layers to around 150 μm/s.
Next, the microengine functionalization protocol was optimized for efficient lectin-bacteria interaction and locomotion. As illustrated in Figure 1B , functionalization was accomplished by conjugating the lectin to the outer gold surface of the microengines via a self-assembled monolayer (SAM). A mixture of 11-mercatoundecanoic acid (MUA) and 6-mercaptohexanol (MCH) was used to create the binary SAM while 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry was used to activate the MUA carboxyl-terminated groups for conjugation with ConA (see Methods in the Supporting Information for additional details). To promote favorable target accessibility Selective interaction between the ConA-functionalized microengines and the E. coli target bacteria in a fuel-enhanced and E. coli inoculated human urine sample. Time-lapse images, taken from Supporting Information Video S1A, before, during, and after interaction of the ConA-modified microengines with S. cerevisiae negative control (a−c, respectively) and E. coli target (d−f, respectively) cells. Urine samples are inoculated with E. coli (2.25 × 10 7 colony forming units (cfu/ml) or 4.5 × 10 4 cfu on the glass slide) and a 5-fold excess of S. cerevisiae and finally diluted 4 times in the glass slide to include the functionalized microengines and the fuel solutions (see Supporting Information Methods for additional details). Final fuel conditions: 7.5% (w/v) H 2 O 2 , 1.25% (w/v) Triton X-100. The E. coli and S. cerevisiae cells are accented by dashed green and red circles, respectively. while minimizing nonspecific adsorption, the binary SAM was prepared using optimal alkanethiol concentrations of 0.25 mM MUA and 0.75 mM MCH. 34 The relatively low thiol concentrations ensure minimal poisoning of the inner catalytic platinum surface and hence a high catalytic activity. 35 Such surface modification of the Au/Ni/PANI/Pt microtubular engines resulted in an additional speed reduction, down to 80 μm/s. This speed is sufficient to perform cellular towing tasks and is relatively faster than previously reported rolled-up microengines. 31, 32 After the SAM activation, the lectin receptor was immobilized via NHS/EDC coupling using a binding buffer (BB) solution containing 9 mg/mL of ConA. This step did not affect the microengine speed. Overall, despite the ∼75% total reduction in speed from the entire modification process, the microengine's speed and related force were sufficient to carry multiple bacteria or different cargoes.
The specific binding of the ConA-modified microengines to E. coli was examined first in inoculated human urine samples. These urine samples were inoculated with E. coli target bacteria along with a 5-fold excess Saccharomyces cerevisiae (S. cerevisiae), a species of yeast frequently responsible for yeast infections and UTIs. Figure 2 and Supporting Information Video S1 demonstrate the selective binding and transport of the rodshaped (∼2 μm length) gram-negative E. coli bacteria (delineated by green dotted circles). In contrast, the modified microengine does not capture the round-shaped S. cerevisiae cells (∼5 μm in diameter) even when multiple contacts occur (delineated by red dotted circles) (Figure 2a−c and Supporting Information Video S1A). The distinct size (∼2 μm versus 5 μm) and shape (rod versus round) of the target E. coli and control S. cerevisiae, respectively, allow clear optical visualization and discrimination between the target and nontarget cells during the motor navigation (see Supporting Information Video S1A). Note again that the similar size scale of the microengine and bacteria facilitates real-time visualization of the binding process (see Figure 2 and Supporting Information Video S1A). This selective and rapid capture mechanism is attributed to the nearly instantaneous recognition of the sugar moieties on the bacterial cell wall by the lectin-modified microengine (Figure 2d−f) . Indeed, the multivalent binding of ConA to the O-antigen E. coli surface favors strong adhesion of E. coli to the ConA-modified microengine surface 23, 24 as illustrated clearly in the SEM image depicted in Figure 1A (top left side). To further corroborate the specificity of the ConAmodified microengines, we tested human urine samples inoculated with both E. coli and a 5-fold excess of another urinary pathogen Staphylococcus aureus (S. aureus), (i.e., a small, round, gram-positive UTI-related bacteria) 36 (see Supporting Information Video S1B). Both capture experiments results with S. cerevisiae and S. aureus controls in urine specimens demonstrate the high specificity of the ConA-modified microengines toward E. coli and their ability to selectively capture and transport microorganisms from complex clinical samples. 37 Additional experiments were performed with "control" microengines (i.e., without the immobilized ConA; prepared as described in the Supporting Information Methods) to demonstrate that the surface-confined lectin is solely responsible for the bacterial isolation. For example, Supporting Information Video S2 demonstrates that these "control" microengines do not capture E. coli even after multiple contacts with the bacteria while navigating in the BB solution containing a 10-fold excess of E. coli (compared to solutions used here with the ConA-modified microengines). These results, along with mixture experiments involving large excess of a gram-positive bacteria or yeast, clearly demonstrate that the capture of the E. coli occurs through the specific lectin-carbohydrate recognition and confirm the high specificity of surface-confined ConA toward lipopolysaccharide O-antigens characteristics of gramnegative bacteria. 23, 24, 26, 29, 38 The high selectivity, illustrated in Figure 2 and in multiple Supporting Information Videos (S1A, S1B, and S2), is attributed not only to the high affinity of the lectin to the target bacteria but also to the effective minimization of nonspecific binding associated with the highly dense hydrophilic SAM surface coating. These data also confirm that the hydrogen peroxide fuel and Triton X-100 surfactant, essential for the microengine movement, do not compromise the specific lectin-bacterial cell wall interaction or the integrity of the assembled binary SAM.
The reproducibility of the new motion-based isolation was investigated by using five different batches of ConA-modified microengines following identical processing steps. The results (not shown) demonstrated very small (∼5%) differences in the bacteria capture efficiency among different batches of modified microengines, demonstrating the reliability of their fabrication, modification, and movement processes. While lectin-bacteria binding often requires long (30−60 min) incubation times, 30, 39 the microengine-induced localized convection appears to dramatically accelerate the binding process. Short contact times with the target bacteria (on the order of seconds) are thus sufficient for its effective capture. The new microengine platform thus presents a unique approach for meeting the need for rapid, direct, and real time isolation of biological agents.
The practical utility of the new microengine approach toward diverse applications was illustrated by the ability of the lectinmodified microengines to recognize the target bacteria in different fuel-enhanced and E-coli-inoculated real samples. These samples included common beverages (ranging from drinking water to apple juice) and environmental matrices (such as seawater). For example, Figure 3 and the corresponding Supporting Information Video S3 clearly illustrate that the functionalized microengines display an immediate "on the fly" E. coli capture upon contacting the target bacteria in each of these real samples. A successful pickup rate (during the first engine-cell contact) of nearly 90% (n = 50) has been observed in all the tested matrices. In rare occasions (less than 1% of the times), the cells were inhaled into the front opening of the modified microrocket (i.e., captured nonspecifically). Overall, the results of Figures 2 and 3 demonstrate the ability of the modified microengines to pick-up bacteria in the presence of diverse conditions, different environments, and matrix effects, including low and high sugar concentrations (as in drinking water and apple juice, respectively) as well as high salt (seawater and urine) environments. Note also (from Table 1 ) that the average speed of the functionalized microengines varies with the specific sample matrix. Despite small decrease in the microengine speed (∼10%) after the E. coli capturing, efficient propulsion and transport of the captured bacteria are maintained using the different sample matrices.
The interaction between the bacterial cell and the ConAmodified microengines is not only highly selective but also very robust. For example, Supporting Information Video S4 illustrates the ability of the microengines to pick up and carry an E. coli cell that had adhered to the glass slide, while Supporting Information Video S5 displays the simultaneous transport of multiple bacteria by a single ConA-modified microengine. The drag force needed to perform such tasks can be calculated via Stokes' law. 15 For example, a drag force of 1 pN can be estimated for a microengine moving at 33.9 μm/s in seawater, assuming a cylindrical microengine of 8 μm in length and 2 μm in diameter. 22 This force is sufficient to remove a bacterial cell firmly fixated to the glass slide, as clearly demonstrated in Supporting Information Video S4. Note that in the multiple-bacteria transport process, illustrated in Supporting Information Video S5, all the captured bacteria are confined only to half of the microengine, reflecting that only ∼50% of its outer surface is covered by the gold layer due to the one-sided e-beam deposition process and the corresponding one-sided functionalization with the lectin receptor. Nevertheless, Supporting Information Videos S4 and S5 demonstrate both the strong lectin/bacteria interaction and the high towing capacity of the lectin-modified microengines.
The ability to isolate and unload target bacteria is critical for identifying pathogenic bacteria serotypes. To facilitate the release of the captured bacteria, the loaded ConA-modified microengines were moved through a low-pH glycine-based dissociation solution that disrupts the sugar-lectin complex 40−42 ( Figure 1A, right) . Figure 4 illustrates images, obtained from Supporting Information Video S6A, of the lectin-modified microengines before (a) and after (b) 20 min navigation in this dissociation solution. Note that such prolonged continuous movement is observed without replenishing the fuel. The multiple bacteria confined to the moving microengine are clearly released from its surface after movement in the low-pH glycine-based dissociation solution. The efficient removal of the captured bacteria is attributed to the unfolding of ConA in this low pH-solution, thereby dissociating the sugar-lectin complex and releasing the captured bacteria for subsequent reuse. 40−42 The unfolding of the immobilized bioreceptor in this low-pH solution is supported also by the inability of the ConA-modified microengines to capture target bacteria in this medium while contacting it multiple times, as illustrated in Supporting Information Video S6B. These mild dissociation conditions were shown not to affect the sugar binding capacity of the immobilized lectin 25, 43, 44 or the integrity of the assembled binary monolayer. Thus, a reversible refolding to the original active ConA conformation is expected after navigating in the BB solution, indicating great promise for reusing the same modified microengines in new isolation experiments.
The feasibility of lectin-modified microengines to perform multiple tasks was finally explored. Here, we combine the ability to capture the target bacteria cell with simultaneous transport of common therapeutic polymeric particles toward the creation of the first self-propelling multifunctional (theranostics) device. Common drug carrier microspheres, poly D,L-lactic-co-glycolic acid (PLGA) microparticles, containing magnetic iron-oxide nanoparticles, were employed due to their potential to deliver antimicrobial drugs. 45 Figure 5 and Supporting Information Video S7 demonstrate this dual capture and transport functionality, by displaying a ConAmodified microengine picking-up and transporting both an E. coli cell and a PLGA magnetic particle. The ConA-modified microengine is capable of first identifying and capturing a noxious bacteria (i.e., E. coli) (b), next capturing the magnetic polymeric drug carrier (c), and finally transporting both cargos at the same time (d). Eventually both captured cargoes can be released simultaneously or independently in a specified location for eradication or identification. Alternatively, future therasonics nanomotor schemes could be developed to navigate a PLGA-loaded microengine in the bacteria-containing sample. Overall, the preliminary data of Figure 5 demonstrate the unique multifunctionality potential of the modified-microengines for future applications including UTI diagnosis and treatment or water and food quality control.
While a large fraction of the bacteria are expected to remain viable but not culturable (VBNC) after exposure to the peroxide fuel level, 46, 47 the new nanomotor 'swim and catch' strategy allows for isolation of different bacteria populations (independent of their viability or culturability). Such VBNC E. coli cells, the predominant bacterial population under our working conditions, are not detectable by common culture methods but may retain their capacity to grow and cause infection. 47−51 Hence, this nanomotor method can avoid timeconsuming PCR protocols and false negatives associated with culture-based methods when detecting VBNC and nonviable bacteria. The ability to detect potentially infectious VBNC E. coli and dead cells is also attractive for tracing the source of an outbreak to identify enterotoxigenic or enterohemorrhagic E. coli serotypes such as Shiga toxin (Stx)-producing E. coli O157/ H7. 49 Whenever needed, new fuel-free magnetically driven nanomotors, 52 functionalized with the lectin receptor, could also be used to ensure full viability of the isolated bacteria.
In conclusion, we have demonstrated the use of new synthetic microengines, functionalized with lectin receptors, for the efficient isolation of target bacteria from diverse real samples. These modified template-prepared microengines offer very attractive capabilities for autonomous loading, directional transport and bacterial unloading (catch and release) toward their subsequent reuse, along with efficient and simultaneous transport of drug nanocarriers. Such ability to perform simultaneously bacteria isolation and directed drug-delivery may help in designing miniaturized theranostics microsystems, integrating dual capture of target species, and transporting and releasing target species in a controlled fashion within spatially separated zones. The incorporation of the new microenginebased bacterial isolation protocol into microchannel networks could lead to microchip operations involving real-time isolation of specific bacteria, and subsequent bacteria lysis and unequivocally identification (by 16S rRNA gene analysis), potentially down to the single-cell level. The diverse capabilities of these lectin-modified hybrid microengines make them extremely attractive for a wide-range of fields, including food and water safety, infectious disease diagnostics, biodefense, and clinical therapy treatments.
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Supporting videos description and detailed Methods. This material is available free of charge via the Internet at http:// pubs.acs.org. Figure 5 . Dual capture and transport of E. coli and polymeric (PLGA) drug-carrier particles. Images taken from Supporting Information Video S7 with a ConA-modified microengine picking-up first the target bacteria (b), followed by the PLGA magnetic loading (c), and transport of both cargoes (d). Cartoon depicting the dual capture capability of a ConA-modified microengine (e). Other experimental conditions, as in Figure 2 . Attached E. coli cell and PLGA microparticle are accented by dashed green and blue circles, respectively.
